Abstract-A novel polarization converter using a triangular waveguide is proposed and analyzed by the imaginary-distance beam-propagation method based on Yee's mesh and the finite-difference time-domain method. The polarization conversion length is investigated as a function of relative refractive index difference. It is found, for a silicon core embedded in a silica cladding, that the conversion length is 2 m, while the insertion loss is 0.5 dB at a wavelength of 1.55 m. The extinction ratio is more than 20 dB over a wide wavelength range of 1.25 to 1.65 m. Using a geometrically expanded model, the polarization conversion behavior is verified in the experiment at a microwave frequency of 15 GHz. Finally, reasonable polarization conversion is obtained with a modified structure, in which the two corners of the triangular waveguide are cut and the cut plane is aligned with a square input (output) waveguide.
I. INTRODUCTION
A POLARIZATION converter has many applications [1] , including polarization controllers, switches, and polarization diversity heterodyne receivers. After investigating a longitudinally periodic structure [2] , converters based on a single asymmetric sloped rib waveguide have been proposed and investigated [3] - [9] . These converters are based on beating of two orthogonal modes, and a high index contrast is required to achieve a short conversion length. Recently, a polarization converter in a buried waveguide has also received attention [10] , which is based on adiabatic mode transitions. It should be noted, however, that the previous waveguide-type converters have a device length of more than 70 m. An ultrasmall polarization rotator based on an off-axis double-core structure, which was reported most recently, still has a device length of 50 m [11] .
In this paper, a novel short polarization converter using a triangular waveguide is proposed [12] and studied. The device length of the present converter is at least one order of magnitude less than that of the previous waveguide-type structures. The polarization conversion behavior is evaluated by the imaginary-distance beam-propagation method based on Yee's mesh (YM-BPM) [13] and the finite-difference time-domain (FDTD) method. It is found for a silicon core embedded in a silica cladding that the polarization conversion length is only 2 m, while the insertion loss is less than 0.5 dB, at a wavelength of 1.55 m. The extinction ratio is more than 20 dB over a wide wavelength range of 1.25 to 1.65 m, which is not obtainable in the previous structures with a long device length. To verify the numerical results, we measured the polarization conversion behavior using a geometrically expanded model at a microwave frequency of 15 GHz. To alleviate the fabrication difficulty, we also deal with a modified structure in which the two corners of the triangular waveguide are cut. Although the conversion length is somewhat increased, the polarization is satisfactorily converted with an insertion loss of about 0.4 dB.
II. BASIC STUDY
It is well-known that an asymmetric waveguide structure allows the generation of two fundamental polarization modes that are sufficiently hybrid. To possess the polarization conversion behavior, the asymmetric waveguide must have two modes with almost the same intensity distributions, and their optical axes are perpendicular to each other. A large difference in the propagation constants is absolutely necessary to realize a short device length. This requires that the field in the optical axis of the first mode should "see" a larger core than the field of the second mode. These facts encourage us to employ the triangular waveguide shown in Fig. 1 . The cross section shown in Fig. 1(b) exhibits an isosceles triangle whose side length is designated as . The two congruent angles are taken to be . In this case, the first mode has the optical axis denoted by the solid line in Fig. 1(c) , and the second mode has the axis denoted by the dotted line.
The length of the triangular waveguide is designated as . The width of an input (or output) square waveguide is designated as . The ratio of to will be determined in such a way 0733-8724/$25.00 © 2008 IEEE that the two eigenmode fields match well with subsequent low transition loss at the junction.
The cladding refractive index is chosen to be 1.444 SiO , except for experimental demonstration at a microwave frequency in Section IV, where the cladding material is taken to be air for convenience. The relative refractive index difference is taken to be over a range of 24% to 42%. This corresponds to the core refractive index over a range of 2.0 to 3.6. This means that we include the case where the core material is chosen to be silicon nitride (SiN) and silicon (Si) in a lightwave model.
It should be noted that the waveguide is usually fabricated on a silicon substrate. The existence of the silicon substrate may cause leakage loss becuase of its high refractive index. In this paper, we assume that the core is made far from the substrate with subsequent negligible leakage loss.
A. Eigenmode Analysis
The propagation constants are calculated using the eigenmode analysis based on the imaginary-distance YM-BPM [13] . The numerical parameters are as follows: the transverse sampling widths are m and the longitudinal sampling width is m (in the imaginary-distance procedure, the longitudinal axis is changed to the imaginary axis ). For the analysis of the waveguide with a lower core index, the sampling widths are doubled, since sufficient accuracy is obtained. The technique for averaging the permittivity is employed in the sloped side. To reduce the spurious reflection at the computational boundary, we can adopt various absorbing boundary conditions. Note that in the eigenmode analysis by the imaginary-distance BPM, the field near the computational boundary is dominated by an evanescent wave. In this analysis, we, therefore, modify the well-known transparent boundary condition [14] , i.e., the field is assumed to decay exponentially without phase progression. The modified transparent boundary condition provides reasonable results with small computer memories.
We first investigate a polarization conversion length at a wavelength of m. The conversion length is calculated by , where and are the propagation constants of the first and second modes of the triangular waveguide, respectively. Fig. 2 shows the conversion length as a joint function of and . Note that and are normalized to a free-space wavelength of m. If the data are normalized to the guided wavelength , the resultant chart can be used in any wavelength. However, since becomes a function of , it is difficult to draw the chart normalized to . Therefore, we plot the data normalized to the free-space wavelength. This means that Fig. 2 can be approximately used in other wavelengths. The difference in the polarization conversion lengths when is normalized to other wavelengths will be found in Fig. 13 .
The conversion length tends to decrease as the relative refractive index difference is increased. For example, a conversion length of 1.9 m is obtained for % and m . Fig. 2 also suggests that an appropriate combination of and leads to the wideband operation of the polarization conversion. Note that the variation of corresponds to the variation of wavelength. Therefore, when we choose the geometrical parameters in the region where the contour line is nearly vertical, is insensitive to the change in wavelength. Furthermore, a short device length generally contributes to the wideband operation of the conversion behavior. The detailed discussion will be made later in Fig. 11 . On the basis of the aforementioned results, the refractive indices of the core and the triangular waveguides are, respectively, fixed to be Si % and m unless otherwise noted. Figs. 3 and 4 show the eigenmode field distributions. Fig. 3 shows the first mode fields obtained from the imaginary-distance YM-BPM. The second mode fields shown in Fig. 4 can be generated by subtracting the obtained first mode fields using the Gram-Schmidt orthogonalization technique [13] . In this case, the propagation constants are calculated to be rad/ m and rad/ m. Using the obtained fields, we next consider the insertion loss as a function of input waveguide width to find an appropriate ratio of . Mode-field matching is absolutely necessary to reduce the transition loss between the input and triangular waveguides. The field matching also contributes to reduction in the reflection loss [7] . Taking into account the center of gravity of the field distributions between the input and triangular waveguides, it is expected that the input waveguide width should be smaller than the side length of the triangular waveguide, i.e., . The transition loss may be evaluated from the overlap integral of the eigenmode fields of the input and triangular waveguides. For the full vector fields, the overlap integral may be evaluated by [15] , [16] (1) in which ( and are, respectively, the eigenmode fields of the input and triangular waveguides. The integration is carried out over the junction plane. Since the two orthogonal modes (the first and second modes) are excited, we separately calculate and , and add these values to estimate the total transition loss.
Note that (1) yields an approximate value, since the evanescent wave caused in the propagation direction cannot be taken into account. Fortunately, Fresnel reflection loss generated from the difference in the phase constants of the input and triangular waveguides is sufficiently small. As a result, the insertion loss of the triangular waveguide can be estimated by twice the transition loss, since there exist the two junction planes. , are also presented. It is seen that an optimum ratio is not sensitive to the change in (mainly determined by geometry), and that the insertion loss reduces as is decreased, although the conversion length is increased, as found in Fig. 2 . Fig. 6 shows the insertion loss and the conversion length as a function of . The configuration parameters and are chosen to be optimal values, in which both loss and conversion length are minimized. It is seen that the conversion length is about 2 m for % and the loss is about 0.3 dB. For % , the loss is reduced to less than 0.1 dB, although the conversion length is increased to about 11 m .
B. Propagating Beam Analysis
We next carry out the propagating beam analysis using the FDTD method. The transverse sampling widths are the same as those used in the eigenmode analysis. The longitudinal sampling width is taken to be m. The configuration parameters are the same as those of the silicon core model in the previous section, i.e., % m , and m . The electric field distributions in the -plane are illustrated in Fig. 7 . It is observed that the incident mode is converted into the mode at . Fig. 8 shows the guided-mode power against the triangular waveguide length. It is again seen that almost complete polarization conversion can be obtained at . This result is in good agreement with the eigenmode analysis. Since the insertion loss is evaluated to be about 0.5 dB with negligible reflection loss, the insertion loss obtained from the propagating beam analysis fairly agrees with the loss estimated in Fig. 5 .
To know fabrication tolerance of the interior angle, we evaluate the extinction ratio as a function of interior angle shown in the inset of Fig. 9 . Note that the side length varies with being fixed, when the interior angle is changed. The data are presented for the incident waves of not only the mode but also the mode. It is seen that interior angles of are required to maintain an extinction ratio of more than 20 dB.
III. WAVELENGTH CHARACTERISTICS
We now investigate the polarization conversion property as a function of wavelength. The core and cladding refractive indices are assumed to vary with the Sellmeier-type dispersion formula [17]. Fig. 10 shows the wavelength response of the polarization conversion length. It is seen that the conversion length is almost 2 m over a wavelength range of 1.25 to 1.65 m. Since the conversion length is minimal at m, the wideband operation around m is expected. Fig. 11 shows the extinction ratio as a function of wavelength. As expected, an extinction ratio of more than 20 dB is obtained over a wide wavelength range of 1.25 to 1.65 m for m . The insertion loss is also shown in Fig. 11 , where the loss is calculated by the propagating beam analysis. It is seen that the loss is less than 0.5 dB over a wavelength range of 1.2 to 1.7 m. The slight oscillatory behavior is mainly due to the coherent coupling between the radiation fields generated at the two junctions [18] , which cannot be taken into account in the modal analysis in Section II-A.
IV. EXPERIMENT
So far, we have numerically investigated the polarization conversion characteristics of a triangular waveguide at lightwave frequencies. To validate the numerical results, we next experimentally examine the characteristics at a microwave frequency. The use of microwave leads to geometrical expansion with subsequent decrease in the sensitivities to fabrication and measurement [19] .
A microwave frequency of GHz mm is adopted. The waveguide is made of a polycarbonate whose relative permittivity is . Since the cladding material is taken to be air, becomes 32.14 %. The dimension of the cross section of the square waveguide connected to the triangular waveguide is mm . The side length of the triangular waveguide is mm , so that . The polarization conversion in the triangular waveguide is measured using the experimental setup illustrated in Fig. 12 . The triangular and square waveguides are supported by form-polystyrene pillars and the input square waveguide is fed by a horn launcher 1 through a metallic waveguide (WR-51). The dimensions of the horn aperture are 49 mm 66 mm. When the metallic waveguide is excited with the fundamental mode whose major electric field component is , most of the power is converted into the mode power. The polarization rotation angle is measured using the receiving horn 2. Fig. 13 shows the comparison of polarization rotation angles between the experimental and numerical results. Note that the two calculated results are provided: one is for a microwave model, and the other for a lightwave model. Both calculated data are for %. Although both data are slightly different because of the difference in the refractive indexes of the claddings, i.e., is taken to be unity for the microwave model, and that is 1.444 for the lightwave model, their similar property verifies the validity of confirming the operation using the microwave model. (Note that is normalized to free-space wavelength in Fig. 13 . Both results become identical when is normalized to the guided wavelength .) In this model, almost complete polarization conversion is observed at . A good correlation is found to exist between the experimental and numerical results. Further experiment demonstrates that the insertion loss of the triangular waveguide is nearly negligible (less than 0.3 dB), which again shows good agreement with the numerical results.
V. MODIFIED STRUCTURE
In the preceding sections, we have studied the polarization conversion characteristics of the triangular waveguide. The triangular configuration is ideal to achieve an extremely short device length. It is, however, not easy to fabricate the triangular waveguide at a lightwave frequency. In this section, we, therefore, investigate a more practical configuration, although the conversion length is somewhat increased.
A more practical configuration is shown in Fig. 14 , in which the two corners of the triangular waveguide are cut and the cut plane is aligned with the square waveguide. In other words, one of the corners of the square waveguide is cut with an angle of 45 . Preliminary calculation shows that when the two corners of the triangular waveguide are cut, while maintaining the same configuration parameters as those in Section II, the conversion length is increased to 5.3 m . We, therefore, slightly increase the width . After some auxiliary calculations, we choose m m , and m . Fig. 15 shows the extinction ratio as a function wavelength. The data obtained with the original (triangular) structure are again plotted for reference. It is found that the wideband operation comparable to that with the original structure is maintained, although the device length is somewhat lengthened. An extinction ratio of more than 20 dB is obtained over a wavelength range of 1.3 to 1.6 m. The insertion loss is evaluated to be about 0.4 dB over the same wavelength range.
VI. CONCLUSION
An extremely short polarization converter using a triangular waveguide has been proposed and investigated. The polarization conversion length against the core refractive index and the side length of the triangular waveguide is calculated by the eigenmode analysis using the imaginary-distance beam-propagation method based on Yee's mesh. It is revealed at a wavelength of 1.55 m that the conversion length decreases from 11 to 2 m, as the core refractive index is increased from 2.2 to 3.476 for a silica cladding. The minimum insertion loss is obtained for , where is the width of the input (or output) waveguide and is the side length of the triangular waveguide.
The polarization conversion behavior has been analyzed by the FDTD method. It is found for a silicon core with a silica cladding that the conversion length is 2 m and the insertion loss is about 0.5 dB at a wavelength of 1.55 m. An extinction ratio of more than 20 dB is obtained over a wavelength range of 1.25 to 1.65 m. The polarization conversion behavior was confirmed by the experiment using a geometrically expanded model at a microwave frequency of 15 GHz.
Further consideration has been devoted to a more practical model in which only the one corner of the square waveguide is cut with an angle of 45 . An extinction ratio of more than 20 dB is obtained over a wavelength range of 1.3 to 1.6 m with a device length of about 2.8 m. 
